Introduction. Thiophene derivatives are important compounds that can be used as precursors for the synthesis of materials. They are of great interest due to numerous applications in photoswitching [1, 2], nanotechnologies [3, 4] , and biosensorics [5] . Aryl thiophenes are usually synthesized via metal catalyzed cross-coupling processes, such as the Suzuki, Negishi, and Stille reactions, in which the organometallic derivatives of thiophene undergo coupling reactions with aryl halides [6, 7] . Also, aryl thiophenes can be synthesized by palladium-catalyzed direct arylation of substituted thiophenes with aryl bromides [8] . 3-Bromo-2-methyl-5-phenylthiophene is one of the most frequently used derivatives. It is usually synthesized via the Suzuki coupling reaction [9, 10] .
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For our studies of the synthesis and optical properties of various heterocycles [11−16] , we synthesized 3-bromo-2-methyl-5-(4-nitrophenyl)thiophene (2) and for the first time established its molecular and crystal structures using the methods of Fourier transform infrared spectroscopy (FT-IR), Raman spectroscopy, and quantum chemical calculations for determining the vibrational frequencies.
Experimental. Characterization techniques.
A Gallenkamp melting point apparatus was used to determine the melting point.
1 H (400 MHz) and 13 C NMR (100 MHz) spectra were recorded in CDCl3 on a Bruker AV400 spectrometer. Chemical shifts δ (ppm) are reported relative to TMS, and coupling constants (J) are in Hz. A Waters GCT Premier Spectrometer was used to record the mass spectrum. A Waters LCT Premier XE setup was used to record the accurate mass of the molecular ion peak. A Perkin-Elmer Spectrum Two FT-IR Spectrometer was used to record the IR spectrum (4000−400 cm −1 ). A Renishaw Invia
Raman spectrophotometer was used to record the Raman spectrum (4000−100 cm −1 ). X-ray crystallographic data were collected at 150 K on a Nonius Kappa CCD diffractometer using graphite monochromated MoKα radiation ( MoKα = 0.71073 Å) equipped with an Oxford Cryosystem of cooling. The structures were solved using direct methods and refined with SHELX [17] . It is established that the structure is a two-component inversion twin. There are two molecules in the asymmetric unit, and the thiophene group is disordered in both with occupancies of 0.129(4)/0.871(4) and 0.342(4)/0.658 (4) . The molecule geometry was reconstructed with the help of the data provided by The Cambridge Crystallographic Data Centre (www.ccdc.cam.ac.uk/structures).
Synthesis of 3-bromo-2-methyl-5-(4-nitrophenyl)thiophene (2) (Scheme 1)
. A mixture of 3-bromo-2-methylthiophen-5-ylboronic acid (1) (1.00 g, 4.53 mmol), 4-iodonitrobenzene (1.00 g, 4.02 mmol), anhydrous sodium carbonate (1.28 g, 12.10 mmol), and tetrakis(triphenylphosphine)palladium(0) (0.12 g, 0.11 mmol) in tetrahydrofuran (30 mL, containing 10% water) was refluxed at 90 ο C for 16 h. The mixture was left to cool to room temperature, after which it was extracted with diethyl ether (3-50 mL Computational Details. Initial atomic coordinates were determined using the Gauss View software database and experimental XRD data to optimize the input structure to obtain the most stable structure [18] . The DFT/B3LYP and HF methods with the 6-311++G(d,p) basis set were used to calculate the molecular structures (gas phase ground state) of compound 2. The vibrational frequencies were then found for the calculated optimized structure. The calculated harmonic vibrational frequencies were scaled by 0.9614 (B3LYP) and 0.9051 (HF) for the use with the 6-311++G(d,p) basis set, respectively [18, 19] . The molecular properties, such as optimized geometric parameters and vibrational wave numbers, were calculated using Gauss View molecular visualization [18] and Gaussian 09W [20] sofware. The calculated vibrational frequencies were assigned via potential energy distribution (PED) analysis of all the fundamental vibration modes by using VEDA 4 software [21, 22] . All the vibrational assignments were based on the B3LYP/6-311++G(d,p) level calculations. Therefore, some assignments might correspond to the value of the previous or next vibrational frequency at the HF/6-311++G(d,p) level.
Results and Discussion. Geometric structure. The X-ray analysis of the crystal structure of compound (C11H8BrNO2S) (2) showed an orthorhombic system with the Pca21 space group. It showed the following cell dimensions: a = 26. and the thiophene group is disordered in both, the crystal contains four distinct sets of bond lengths and angles, although they are all very similar. Consequently, just one representative set was used in order to compare the experimental and compu-tational values. The bond lengths and bond angles for the selected experimental (X-ray) and optimized theoretical structures are shown in Table 1 . The structure of 2 with the atom numbering scheme used for Table 1 is represented in Fig. 1 . The bond length of the C1-C4 bond, at 1.361(11) Å, is similar to the bonds in other thiophene derivatives, which are typically around 1.36−1.38 Å [23] [24] [25] . The C2-C3 and C3-Br11 bonds, at 1.283(7) and 1.824(8)Å, respectively, are significantly shorter than similar bonds in other thiophene derivatives (typically 1.35−1.37 Å [23-25] and 1.86−1.90 [26] [27] [28] ).These differences may be due to the nature of the packing in the crystal structure. Both calculation methods also underestimated the length of the C3-C4 bond and consistently overestimated the lengths of the C-H bonds. However, the C2-C7 bond length, experimentally observed as 1.470(9) Å, was similar to the calculated value (1.496 (B3LYP) or 1.501 (HF)) and to the experimental values for similar bonds in related compounds (1.505 [29] Vibrational analysis. The experimental FT-IR (Fig. 2a) and Raman spectra (Fig. 2b) for compound 2 were compared with the calculated spectra (see Table 2 , where the calculated harmonic vibrational frequencies scaled according to published recommendations (B3LYP and HF) [18, 19] , observed frequencies, and detailed potential energy distribution (PED) are represented). The calculated modes, within each fundamental wave number, are numbered downwards from the largest to the smallest frequency. The experimental frequencies for compound 2 were obtained for the solid phase, but the calculated harmonic ones relate to the gas phase.
The reasonable agreement between the wave numbers calculated by the B3LYP method and the observed values (Fig. 3, Table 2 ) indicates a reasonable correlation. Indeed, the linear relationship between the calculated (B3LYP) and experimental wave numbers is given by the equation for the B3LP method cal = 1.0008 exp -4.2892 , 
for which R 2 = 0.9989. Clearly, if the scaling factor used for converting the HF calculated frequencies is 0.9218 (i.e., 0.9051/0.9819) instead of the recommended 0.9051, then the value is reduced by 38 cm -1 , and one can ob-serve much closer agreement between the observed and calculated wave numbers, even using the HF method.
Bromo-methylthiophene group vibrations. In five heterocycles, e.g., furan, pyrrole, and thiophene, the stretching vibration frequencies of the C-H bonds are expected at 3100-3000 cm -1 , with multiple weak bands, but the frequency of the C-H bond vibration is highly affected by the substituent type [31, 32] . In the C-H plane, the bond vibrations are less sensitive to the substituent type and appear at 1100−1500 cm -1 [21] . Out of the C-H plane, the vibrations of the bonds occur at 800-1000 cm -1 [32] . For compound 2, the only thiophene C-H stretching vibration was observed at 3104 cm -1 (FT-IR) and calculated as 3097 (B3LYP) and 3057 cm -1 (HF). Athiophene C-H stretching mode was observed at 3084 cm -1 (FT-IR) and calculated as 3093 cm -1 (B3LYP) and 3063 cm -1 (M06-2X) for (E)-3-(4-bromo-5-methylthiophen-2-yl)acrylonitrile [15] . For thiophene-2-carbohydrazide, C-H modes resonate at 3011 cm -1 , 3062 cm -1 , and 3072 cm -1 as medium bands in the FT-IR spectrum and as a very weak band (3068 cm -1 ) in the FT-Raman spectrum [33] . In the C-H plane, the bond vibrations for compound 2 were observed at 1149 cm -1 (FT-IR) and calculated as 1140 (B3LYP) and 1157 cm -1 (HF). For (E)-3-(4-bromo-5-methylthiophen-2-yl)acrylonitrile [15] in the C-H plane, the bond vibrations were observed at 1160 and 1142 cm -1 . Such modes calculated by different methods were: 1192 (B3LYP), 1192 (M06-2X), 1132 (B3LYP), and 1138 cm -1 (M06-2X) [15] . Clearly, the calculated C-H bond bands are reasonably correlated with the data from the FT-IR spectrum. For thiophene-2-car bohydrazide, in the C-H plane, the bond vibrations were observed at 1097 cm -1 , a weak band at 1168 cm -1 , and a very strong one at 1247 cm -1 in the FT-IR spectrum [33] . For compound 2, out of the plane, bond modes were observed at 848/841 (FT-IR/FT-Raman) and 814 cm -1 (FT-IR). These modes were calculated as 836 (B3LYP)/887 (HF) and 815 (B3LYP)/864 cm -1 (HF), respectively. For thiophene-2-carbohydrazide [33] , these bands were observed at 837 (FT-IR) and 845 cm -1 (FT-Raman). For (E)-3-(4-bromo-5-methylthiophen-2-yl)acrylonitrile [15] , out of the plane, modes were observed at 834 and 794 cm -1 and calculated as 828 cm -1 (B3LYP)/834 cm -1 (M06-2X) and 799 cm -1 (B3LYP)/803 cm -1 (M06-2X), respectively [15] .
The C=C stretching vibrations within the thiophene rings are of aromatic character [34] . For compound 2, the C=C stretching vibrations showed two modes, observed at 1540 and 1503 cm C-S bond vibrations cannot always be distinguished in thiophene ring systems [35] , although for thiophene itself C-S modes appear at 872/753 and 870/750 cm -1 for the vapor and liquid phases, respectively [36] . For compound 2, three Nitrophenyl group vibrations. C-H stretching vibrations generally resonate at 3100-3000 cm -1 , and this region is used for identification of such vibrations [40, 41] . For compound 2, C-H stretching modes were seen at 3104, 3083, and 3056 cm -1 in the FT-IR spectrum, but were not seen in the Raman spectrum. Symmetric stretching modes were observed as a single band at 1329 (FT-IR)/1333 cm -1 (Raman) and calculated at 1310 (B3LYP)/1394 (HF) and 1307 (B3LYP)/1310 cm -1 (HF). NO2 group deformation vibrations appear within the low frequency region [47, 48] . For example, a strong band at 818 cm -1 in 5-bromo-2-nitropyridine was assigned to a NO2 scissoring mode [49] . For compound 2, NO2 scissoring vibrations were observed at 848 (FT-IR)/841 cm -1 (Raman) and calculated at 836 (B3LYP)/887 (HF) and 834 (B3LYP)/877 cm -1 (HF). The remainder of the observed and calculated wave numbers and assignments of the present molecule are shown in Table 2 .
HOMO-LUMO analysis. The HOMO-LUMO orbitals affect the chemical stability of organic compounds [50] . Reactive (soft) molecules have a low HOMO-LUMO energy gap [51] , and the kinetic stability and reactivity of molecules can be better understood through the frontier molecular orbital energy gap [52−54] . The LUMO and HOMO energies for compound 2 were calculated by the B3LYP/6-311++G(d,p) and HF/6-311++G(d,p) methods and are represented in Fig. 4 . The HOMO of 2 is located on the thiophene ring, C13, C19, C14 and over the Br atom. The LUMO is more focused on the thiophene ring and over the nitrophenyl group. The HOMO-LUMO energy gap for compound 2 and the related molecular parameters [55, 56] are shown in Table 3 . The ionization potential for compound 2 is 8.29 (B3LYP) or 8.30 eV (HF).
Conclusions. The vibrational spectrum of 3-bromo-2-methyl-5-(4-nitrophenyl)thiophene (2) was studied experimentally (FT-IR and Raman spectra) and theoretically (DFT/B3LYP and HF methods). The theoretical optimized geometric parameters, bond lengths and angles, as well as vibrational frequencies, were found to be in quite good agreement with the corresponding experimental data and with the values reported for similar compounds. The charge transfer within compound 2 was understood with the help of the data obtained from calculation of the HOMO and LUMO orbitals and their energies. The present study provides significant information for the possible application of 2 in pharmacological investigations.
